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Chaperones mediate protein folding and prevent 
deleterious protein aggregation in the cell. How- 
ever, little is known about the biogenesis of chaper- 
ones themselves. In this study, we report on the biogenesis 
of the yeast mitochondrial Hsp70 (mtHsp70) chaperone, 
which is essential for the functionality of mitochondria. 
We show in vivo and in organello that mtHsp70 rapidly 
folds after its import into mitochondria, with its ATPase 
domain and peptide-binding domain (PBD) adopting their 
structures independently of each other. Importantly, folding 



of the ATPase domain but not of the PBD was severely 
affected in the absence of the Hsp70 escort protein, Hepl . 
We reconstituted the folding of mtHsp70, demonstrating 
that Hepl and ATP/ADP were required and sufficient for 
its de novo folding. Our data show that Hepl bound to a 
folding intermediate of mtHsp70. Binding of an adenine 
nucleotide triggered release of Hepl and folding of the 
intermediate into native mtHsp70. Thus, Hepl acts as a 
specialized chaperone mediating the de novo folding of 
an Hsp70 chaperone. 



Introduction 

Molecular chaperones help newly synthesized proteins to fold 
efficiently into their three-dimensional native structure in the 
cell (Frydman, 2001; Bukau et al., 2006; Hartl et al., 2011). 
A major class of molecular chaperones is comprised of the Hsp70 
chaperones. In addition to their role in protein folding, Hsp70 
chaperones have a variety of other crucial cellular functions, 
including prevention of protein aggregation, intracellular trans- 
port of proteins, assembly of oligomeric complexes, and regula- 
tion of protein degradation (Kang et al., 1990; Frydman, 2001; 
Bukau et al., 2006; Eisenberg and Greene, 2007; Nakatsukasa 
and Brodsky, 2008; Douglas and Cyr, 2010; Hartl et al., 2011). 
Because of their fundamental role in cellular proteostasis, Hsp70 
chaperones are important for cell survival and present in almost 
all cellular compartments. 

Mitochondria provide the cell with several essential metab- 
olites and compounds required for the life of the cell but also 
with components triggering cell death. The homeostasis and 
function of mitochondria are crucially dependent on mitochon- 
drial Hsp70 (mtHsp70) chaperones, the closest eukaryotic homo- 
logues of bacterial DnaK (Craig et al., 1987). The main mtHsp70 
chaperone in Saccharomyces cerevisiae, the mtHsp70 protein, 
is also known in higher eukaryotes as mortalin because of its 
role in cell survival, cell death, and diseases (Wadhwa et al., 2002; 
Burbulla et al., 2010). It resides mainly in the mitochondrial ma- 
trix, where it promotes the folding of proteins (Kang et al., 1990). 
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Another fraction of mtHsp70 is associated with the transloca- 
tion channel of the TIM23 translocase on the matrix side of the 
inner membrane and functions as a central component of the 
import motor of the translocase (Endo and Yamano, 2009; 
Mokranjac and Neupert, 2010; van der Laan et al., 2010). 

The structural organization and the molecular mechanism 
of Hsp70 chaperones are well conserved. The mtHsp70 chaper- 
ones, similar to other members of the Hsp70 chaperone family, 
consist of an N-terminal ATPase domain that is connected via a 
short hydrophobic interdomain linker to a C-terminal peptide- 
binding domain (PBD; Bukau and Horwich, 1998; Frydman, 
2001; Hartl et al., 201 1). The PBD interacts with the unfolded 
substrates. Its affinity to the substrates is regulated by the nucle- 
otide state of the ATPase domain. In contrast, substrate binding 
to the PBD results in a conformational change of the ATPase 
domain stimulating its ATPase activity. The communication be- 
tween the domains is mediated by the interdomain linker, which 
is therefore important for the function of Hsp70 proteins (Mayer 
et al., 1999; Han and Christen, 2001; Vogel et al., 2006; Jiang 
et al., 2007; Swain et al., 2007; Zhuravleva and Gierasch, 201 1). 
Of similar importance is the interaction and cooperation of the 
Hsp70 chaperones with their cochaperones (Frydman, 2001; 
Bukau et al., 2006; Hartl et al., 201 1). The J domain-containing 
cochaperones stimulate the ATPase activity of Hsp70, and the 
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nucleotide exchange factors catalyze the exchange of ADP 
versus ATP, thereby accelerating the ATP-dependent reaction 
cycle of the Hsp70 chaperones. The mtHsp70 chaperone inter- 
acts with the nucleotide exchange factor Mgel and employs as 
J cochaperone either Mdj 1 in the process of protein folding or 
Timl4 in the process of protein translocation (Rowley et al., 
1994; Miao et al., 1997; D'Silva et al., 2003; Mokranjac et al., 
2003; Trascott et al., 2003; Voos, 2009). 

mtHsp70 requires another crucial interaction partner, Hepl 
(also known as Timl5 and Ziml7), the Hsp70 escort protein 
which is highly conserved throughout the eukaryotic kingdom 
(Burri et al., 2004; Sanjuan Szklarz et al, 2005; Sichting et al., 
2005; Yamamoto et al., 2005; Willmund et al., 2008; Zhai et al., 
2008; Blamowska et al., 2010). Its chloroplast homologue HEP2 
also interacts with plant Hsp70B and is important for the func- 
tion of Hsp70B (Willmund et al., 2008). In the absence of Hepl, 
yeast cells have multiple defects such as reduced import of 
precursor proteins, altered mitochondrial morphology, reduced 
activity of Fe/S cluster-containing enzymes, and nuclear genome 
instability and are not viable at elevated temperature (Burri 
et al., 2004; Sanjuan Szklarz et al., 2005; Sichting et al., 2005; 
Yamamoto et al, 2005; Diaz de la Loza et al., 201 1). All of the 
phenotypes described can be explained as secondary effects 
of reduced levels of functional mtHsp70 chaperones, although 
a role of Hepl in the TIM23 translocase has also been suggested 
(Burri et al., 2004; Sanjuan Szklarz et al, 2005; Sichting et al., 
2005; Yamamoto et al., 2005). We and others have previously 
shown that the mtHsp70 chaperone accumulates as insoluble 
aggregates in the absence of Hepl in yeast cells (Sanjuan Szklarz 
et al., 2005; Sichting et al., 2005). It is the ATPase domain in 
the presence of the linker segment that makes mtHsp70 prone 
to aggregation (Zhai et al., 2008; Blamowska et al., 2010). 
Moreover, the ATPase domain plus linker is the minimal binding 
entity of mtHsp70 crucial for interaction with Hepl (Zhai et al., 
2008; Blamowska et al., 2010). Hepl prevents self-aggregation 
of folded mtHsp70 in its nucleotide-free form and thereby main- 
tains the function of the folded mtHsp70 chaperone (Sichting 
et al., 2005). This suggested that native mtHsp70 in an off-pathway 
of its reaction cycle forms an aggregation-prone conformer rec- 
ognized by Hepl. Interestingly, the human mitochondrial HEP 
was reported to stimulate the ATPase activity of the cognate 
recombinant mtHsp70, conceivably representing an additional 
function as cochaperone similar to the one of J proteins (Zhai 
et al., 2008; Goswami et al., 2010). Although the importance of 
Hep proteins for mtHsp70 chaperones is well documented, the 
physiological function of their interaction has remained unclear. 

Despite the fundamental cellular importance of Hsp70 
chaperones, there is limited knowledge about the biogenesis of 
these chaperones. In particular, the de novo folding of mtHsp70 
in mitochondria and a potential role of Hepl in this process is 
an open question. We performed experiments in vivo and in 
organello that revealed that the folding of mtHsp70, in particu- 
lar of its ATPase domain, is affected in the absence of Hepl. 
Moreover, we reconstituted the folding of mtHsp70 and the 
individual domains using the isolated proteins. In this recon- 
stituted system, Hepl and ATP/ ADP were required and suffi- 
cient for the folding of mtHsp70 into its active conformation. 



In summary, our results demonstrate for the first time that the 
de novo folding of an Hsp70 chaperone in the cell, mtHsp70, 
depends on a specialized chaperone, the Hepl chaperone. 

Results 

mtHsp7Q and the individual domains 
of mtHsp70 fold rapidly upon import 
into mitochondria 

To analyze the biogenesis of mtHsp70 in mitochondria, we 
established an assay monitoring the folding state of newly 
imported mtHsp70 in mitochondria. After import of the radio- 
labeled mtHsp70 precursor protein into isolated mitochondria 
and solubilization of mitochondria, the folding state of im- 
ported mtHsp70 was assessed by treatment with trypsin be- 
cause the folded native mtHsp70 is trypsin resistant (Sichting 
et al., 2005). Indeed, almost all imported mtHsp70 was pro- 
tected against trypsin, suggesting that the imported mtHsp70 
folds rapidly in organello (Fig. 1 A). 

We also tested the de novo folding of the individual 
mtHsp70 domains. To mimic the two-domain structure of full- 
length mtHsp70, the individual domains were analyzed in the 
context of dihydrofolate reductase (DHFR) fusion proteins, 
from now on referred to as PBD-DHFR and ATPase-DHFR, 
respectively, in which the PBD and the ATPase domain were 
each fused with an 80-aa-residue-long spacer to the mouse DHFR. 
Trypsin treatment of imported PBD-DHFR generated two 
protease-resistant fragments, corresponding to the PBD and the 
DHFR domain (Fig. 1 B). The kinetics of import of PBD-DHFR 
and of the formation of the protease-resistant fragments were 
very similar, indicating that the PBD-DHFR folds immediately 
after its import into the mitochondrial matrix. In the case of the 
ATPase-DHFR construct, the DHFR domain was protease re- 
sistant, but the ATPase domain was almost completely protease 
sensitive (Fig. 1 C). Thus, the ATPase domain does not fold 
properly in the context of the DHFR fusion protein. On the con- 
trary, the PBD folds independently of the ATPase domain. 

Because the interdomain linker between the ATPase 
domain and PBD is required for the communication between 
both domains and affects the native conformation of the ATPase 
domain, we asked whether the interdomain linker has an effect 
on the de novo folding of the ATPase domain. We followed the 
folding of imported ATPaseLinker-DHFR protein and tested in 
parallel, as a control, the folding of the ATPaseA4-DHFR vari- 
ant, in which the linker amino acid residues 412^415 were re- 
placed by four alanine residues. The ATPase domain in imported 
ATPaseLinker-DHFR but not in the ATPaseA4-DHFR variant 
folded into a trypsin-resistant conformation (Fig. 1, D and E). 
In both cases, the folded DHFR domain was protease resistant. 
We conclude that the folding of the ATPase domain depends 
on the presence of the interdomain linker. This is supported by 
experiments using a variant of full-length mtHsp70 protein, 
mtHsp70A4, in which the linker residues of mtHsp70 were like- 
wise replaced by four alanine residues. This variant generated in 
the folding assay only a 35-kD stable fragment that corresponds 
in size to the PBD (Fig. SI). By immunoprecipitation experiments 
with antibodies recognizing specifically the ATPase domain or 
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Figure 1 . The chaperone mtHsp70 and its individual domains fold rapidly in organelle (A-E] Folding of mtHsp70 (A), PBD-DHFR (B), ATPase-DHFR (C), 
ATPaseLinker-DHFR (D), and ATPaseA4-DHFR (E) upon import into mitochondria. Radiolabeled precursor proteins were imported into wild-type mitochon- 
dria for the time periods indicated. Nonimported material was digested with trypsin. Mitochondria were reisolated and solubilized. Half of the sample 
was mock treated (— ) to assess import, and the other half was treated with trypsin (+) to assess the folding state of the imported mtHsp70. Samples were 
analyzed by SDS-PAGE and autoradiography and, in the case of mtHsp70, quantification by densitometry (A, right). The amount of mtHsp70 imported at 
the latest time point was set to 100%. The graph represents the mean values ± standard deviation (n = 5). The asterisks indicate the folded DHFR domain 
with nondigested spacer. 



the C terminus of mtHsp70, we confirmed the fragment to be the 
PBD (Fig. SI). Thus, in contrast to the PBD, the ATPase domain 
in the mtHsp70A4 mutant was not able to fold into a protease- 
resistant form. 

In summary, mtHsp70 folds rapidly after its import into 
mitochondria. Both domains are independent folding units. The 
ATPase domain folds in the context of mtHsp70 only in presence 
of the interdomain linker, whereas the PBD folds without the 
interdomain linker. 

Hep1 is required for the folding of the 
ATPase domain of mtHsp7Q in organello 

We asked whether other components are involved in the folding 
process of mtHsp70 in the cell. Because Hepl interacts with 
mtHsp70 and is crucial for maintaining native mfHsp70 in its 
functional state (Sichting et al., 2005), we analyzed whether 
Hepl also acts in the folding of mtHsp70. To this end, we im- 
ported radiolabeled mfHsp70 into mitochondria lacking Hepl 
and checked its folding state by treating mitochondrial extracts 
with trypsin. A 35-kD stable fragment of mtHsp70 was observed 
but not the full-length mtHsp70 (Fig. 2 A). Thus, in contrast to 
wild-type mitochondria, the folding of mtHsp70 was impaired 
in mitochondria lacking Hepl. The stable fragment could be 
immunoprecipitated with antibodies against the C terminus of 



mtHsp70, demonstrating that it corresponds to the PBD (Fig. S2). 
This shows that the PBD folds independently of Hepl, whereas 
the ATPase domain has a folding defect in the absence of Hepl. 

To corroborate these findings, we assessed the folding of 
the two mtHsp70 constructs, ATPaseLinker-DHFR and PBD- 
DHFR, in Ahepl mitochondria. The ATPaseLinker domain did 
not become folded, in contrast to the situation with wild-type 
mitochondria (Fig. 2 B). As expected, the PBD was able to fold 
also in the Hepl -deficient mitochondria (Fig. 2 C). 

In conclusion, these results demonstrate that the chaperone 
Hepl is required for de novo folding of mtHsp70 in organello. 
It mediates the correct folding of the ATPase domain plus linker 
of mtHsp70. 

Folding of mtHsp70 is independent 
of HspGO, Hsp78, and the mtHsp70 
chaperone system 

The mitochondrial matrix contains several chaperones promot- 
ing protein folding such as the Hsp60 chaperonin, the mtHsp70 
chaperone system, and Hsp78, a member of the Clp/HsplOO 
family (Voos, 2009). Do these mitochondrial chaperones assist 
in the de novo folding of mfHsp70? We addressed this question 
by using strains harboring deletions or temperature-sensitive 
mutants of these chaperones. Folding of mtHsp70 was not affected 
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Figure 2. Folding of mtHsp70 in organello depends on the Hepl chaper- 
one. (A-C) Folding of mtHsp70 (A), ATPaseLinker-DHFR (B), and PBD-DHFR 
(C) upon import into mitochondria lacking Hepl. Radiolabeled precursor 
proteins were imported into Ahep 1 and wild-type (wt) mitochondria. Import 
was stopped by addition of valinomycin, and samples were further incu- 
bated for the time periods indicated and treated as described in Fig. 1 A. 
Asterisks indicate folded DHFR domain with nondigested spacer. 

in the mif4 temperature-sensitive mutant (Fig. 3 A). In this 
mutant, Hsp60 does not assemble and therefore aggregates at 
nonpermissive temperature, as previously reported (Cheng et al., 
1990). Moreover, imported mtHsp70 folded properly with com- 
parable kinetics in the presence and absence of Hsp78 (Fig. 3 B). 
Thus, neither Hsp60 nor Hsp78 are crucial for folding of 
mtHsp70. We also tested the mtHsp70 system itself. Deletion 
of the J domain cochaperone Mdj 1 did not affect the folding 
rates of imported mtHsp70 (Fig. 3 C), suggesting that the fold- 
ing of mtHsp70 is independent of the mtHsp70 system. 

Collectively, besides Hepl, none of the tested chaperones 
appear to be involved in the de novo folding of mtHsp70. This 
suggests Hepl to be the major, if not the only, chaperone medi- 
ating the folding of mtHsp70 in mitochondria. 

Hepl is required for de novo folding 
of mtHsp70 in vivo 

To confirm the role of Hepl in the biogenesis of mtHsp70 in 
intact cells, we performed a labeling experiment with wild-type 
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Figure 3. Defects in mitochondrial chaperone systems do not affect fold- 
ing of mtHsp70. (A-C) Radiolabeled mtHsp70 precursor was imported 
into mitochondria isolated from the mif4 mutant cells (A), Ahsp78 cells (B), 
and Amdjl cells (C) and from the corresponding wild-type (wt) cells for the 
time periods indicated. Samples were treated and analyzed as described 
in Fig. 1 A. 

cells and with cells lacking Hepl. Cells were grown in the pres- 
ence of radioactive methionine to synthesize radiolabeled pro- 
teins. This enabled us to follow their biogenesis. Mitochondria 
were isolated and mitochondrial extracts were prepared. Treat- 
ment of these extracts with trypsin followed by the immunopre- 
cipitation with antibodies directed against mtHsp70 allowed the 
specific detection of the folding state of the newly synthetized 
and imported mtHsp70 protein. In mitochondrial extracts from 
wild-type cells, the majority of mtHsp70 was trypsin resistant, 
indicating its presence in the folded state. In contrast, in mito- 
chondrial extracts from Ahepl cells, only a minor fraction of 
mtHsp70 was trypsin resistant, and a stable fragment corre- 
sponding to the PBD was generated (Fig. 4). Apparently, de 
novo folding of the ATPase domain of mtHsp70 was impaired 
in cells lacking Hepl. Thus, consistent with the observations in 
organello, Hepl plays an important role in the de novo folding 
of mtHsp70 in intact cells. 

Hepl is crucial for the folding of mtHsp70 
in a reconstituted system 

We reconstituted the folding process of mtHsp70 using purified 
components to elucidate the molecular mechanisms of how 
mtHsp70 folds in mitochondria. To this end, recombinant 
mtHsp70 was denatured by precipitation and resuspension in 
buffer containing urea. The sample was diluted in ATP-containing 
buffer lacking urea with and without addition of recombinant 
Hepl. Refolding of mtHsp70 was monitored by its trypsin resis- 
tance. In the presence of equimolar amounts of Hepl , mtHsp70 
became resistant against trypsin in the timescale of minutes 
(Fig. 5 A, left). In contrast, virtually no trypsin-resistant full- 
length mtHsp70 was detected in absence of Hepl (Fig. 5 A, 
right). Thus, Hepl promotes refolding of denatured mtHsp70 in 
the presence of ATP in vitro. Interestingly, two fragments of 
mtHsp70 with apparent molecular masses of ~45 and 35 kD 
were observed when samples were taken from the refolding mix 
containing Hepl at early time points and treated with trypsin. 
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Figure 4. Folding of mtHsp70 in vivo requires Hepl .Ahep I and wild-type 
(wt) cells were radiolabeled with [ 35 S]methionine for 10 min. Then protein 
synthesis was stopped and mitochondria were isolated and solubilized. 
The lysate was incubated without and with trypsin to assess the folding 
of mtHsp70. mtHsp70 was immunoprecipitated with antibodies against 
mtHsp70. Samples were analyzed by SDS-PAGE and autoradiography 
(left) and quantified by densitometry (right). Total material (—Trypsin) was 
set to 100%, and trypsin-resistant material is shown as the percentage of 
total material. The diagram represents the mean values ± standard devia- 
tion (n = 3). 

These fragments represent folding intermediates of mtHsp70 
that correspond, according to their molecular masses, to the 
ATPase domain and the PBD, respectively. Apparently, each 
of the domains of mtHsp70 adopts independently a trypsin- 
resistant conformation in the de novo folding of mtHsp70 
before the full-length protein folds into its native, fully prote- 
ase-protected state. Upon incubation in the absence of Hepl, 
only the 35-kD fragment was detected, indicating the presence 
of a folded PBD. This suggests that the PBD is able to fold 
without any chaperone, whereas the ATPase domain requires 
Hepl for its folding in vitro. 

Is the rate of refolding of mtHsp70 dependent on the ratio 
of unfolded mtHsp70 to the added Hepl? The kinetics of refold- 
ing was measured at molar ratios of mtHsp70 to Hepl of 1:1 
to 1:0.25 over a period of 120 min. The initial rates of refolding 
increased with increasing amount of Hepl; the efficiency of 
refolding, however, was at the same level of ^100% in the sam- 
ples with a molar ratio of mtHsp70 to Hepl of 1:0.5 and of 1:1 
(Fig. 5 B). In samples with a lower Hepl concentration and 
a molar ratio of 1:0.25, the efficiency of refolding was ^85%. 
During incubation with Hepl, mtHsp70 may adopt a conforma- 
tion that is refractory to refolding and/or Hepl may lose func- 
tional activity. In summary, the data suggest that a Hep 1 molecule 
can support folding of more than one mtHsp70 molecule. 

To test whether folding of mtHsp70 in vitro leads to ac- 
quisition of catalytic activity, we performed an ATPase activity 
assay with purified native mtHsp70 and with fractions of 
mtHsp70 that were subjected to the refolding procedure in the 
presence and absence of Hepl. mtHsp70 refolded in the pres- 
ence of Hepl regained ^70% of the activity of the native 
mtHsp70 protein (Fig. 5 C). In contrast, mtHsp70 remained in- 
active when subjected to the refolding procedure in the absence 
of Hepl (Fig. 5 C). Thus, the trypsin-resistant conformation 
adopted by mtHsp70 upon refolding in the presence of Hepl 
obviously represents the active form of the protein. 

Are nucleotides involved in the folding process? To 
address this, we tested the effects of different nucleotides on the 



folding of mtHsp70 in the presence of Hepl. ATP and ADP 
promoted the folding of mtHsp70 to the protease-resistant, 
native form with similar efficiencies. In the presence of a non- 
hydrolyzable ATP analogue, ATP7S, mtHsp70 became trypsin 
resistant as well, albeit with slightly reduced efficiency. Trypsin- 
protected mtHsp70 was formed very inefficiently in the pres- 
ence of AMP-PNP, another nonhydrolyzable ATP analogue 
(Fig. 5 D). Folded mtHsp70 was also not observed in the ab- 
sence of any nucleotides. In conclusion, the de novo folding of 
mtHsp70 requires nucleotides in addition to Hepl. Because 
ADP and ATP7S act similarly to ATP, it is rather the binding of 
nucleotides than the hydrolysis of ATP that appears to be needed 
for folding. The different effects of the nucleotides suggest 
that a certain conformer of the ATPase domain is formed as an 
intermediate during the folding process, which is specifically 
recognized by nucleotides, thereby triggering further folding to 
the native state of mtHsp70. 

Next, we analyzed the de novo folding of the individual 
domains of mtHsp70 in the reconstitution system. Denatured 
ATPaseLinker and PBD were diluted in buffer with and without 
Hepl and ATP. The ATPaseLinker protein became trypsin 
resistant only in the presence of Hepl and ATP (Fig. 5 E). In 
contrast, the PBD efficiently refolded even without the addition 
of Hepl and ATP (Fig. 5 F). These findings are consistent with 
the results obtained from the analysis of the folding of the full- 
length protein in organello and in vitro. Apparently, it is the 
ATPase domain in full-length mtHsp70 that requires Hepl and 
nucleotide for its de novo folding. 

Can the function of Hepl be taken over by Mgel, the 
nucleotide exchange factor of mtHsp70? It was previously 
reported that Mgel is able to keep mtHsp70 soluble upon co- 
expression in Escherichia coli (Momose et al., 2007). There- 
fore, we tested the refolding of mtHsp70 in the presence of 
Mgel in vitro. In contrast to Hepl, a fourfold molar excess of 
Mgel compared with mtHsp70 did not result in folded mtHsp70 
and ATPaseLinker (Fig. 5 G). Thus, interaction partners of 
mtHsp70 such as Mge 1 appear not to promote de novo folding 
of mtHsp70. We conclude that the role of Hepl in the folding of 
mtHsp70 reflects a specific chaperone function of Hepl. 

Hepl interacts with a folding intermediate 
of mtHsp70 

A chaperone function of Hepl in the de novo folding process of 
mtHsp70 implies a transient interaction of Hepl with mtHsp70. 
We tested for such an interaction by chemical cross-linking 
with glutaraldehyde. To this end, we incubated the purified pro- 
teins in the absence or presence of ATP in the refolding buffer 
with or without cross-linking agent. Samples were analyzed 
by SDS-PAGE and Coomassie staining or immunodecoration 
with antibodies against Hepl and mtHsp70. Upon incubation 
of mtHsp70 with Hepl, a cross-linked adduct containing Hepl 
and mtHsp70 was generated (Fig. 6, A [lanes 8, 13, and 18] and 
B [lanes 5 and 11]). Importantly, much more adduct was formed 
in the absence than in the presence of ATP (Fig. 6 A, lanes 8, 9, 
13, and 14). Because nucleotides such as ATP are needed 
to generate folded mtHsp70, a folding intermediate containing 
Hepl was most likely trapped in the refolding process in the 
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Figure 5. Isolated mtHsp70 folds in the presence of isolated Hepl and adenine nucleotides into its active form. (A) Unfolded mtHsp70 was diluted into 
ATP-containing buffer with (left) or without (right) the addition of recombinant Hepl . At the time points indicated, samples were withdrawn and half of the 
samples were treated with trypsin. Samples were analyzed by SDS-PAGE and Coomassie staining. (B) Unfolded mtHsp70 was diluted into buffer contain- 
ing ATP and recombinant Hepl in molar ratios of 1 : 1 , 0.5: 1 , or 0.25: 1 of Hepl to mtHsp70. Samples were treated and analyzed as described in A, and 
the signals of trypsin-protected full-length mtHsp70 were quantified by densitometry. Signals of mock-treated samples of the longest time period were set 
to 100%. The graph represents the mean values ± standard deviation (n = 5). (C) Native and unfolded mtHsp70 were incubated in ATP-containing buffer 
in the presence of recombinant Hepl when indicated. Then the ATPase activities of the samples were measured. The ATPase activity of native mtHsp70 
was set to 100%. Control indicates unfolded mtHsp70 incubated in absence of Hepl. The diagram represents the mean values of three independent 
measurements ± standard deviation. (D) Unfolded mtHsp70 was incubated in buffer containing recombinant Hepl and the indicated nucleotides. After the 
indicated time periods, samples were withdrawn, treated with trypsin, and further analyzed as described in A. (E and F) Unfolded ATPaseLinker (E) or PBD 
(F) was diluted into the buffer containing ATP and/or recombinant Hepl . Samples were incubated and analyzed as described in D. Input indicates 1 00% 
of protein added in the refolding reactions. (G) Unfolded mtHsp70 or ATPaseLinker was diluted into buffer containing ATP and recombinant Mgel . As a 
control, recombinant Hepl was used. Samples were treated as described in D. Input indicates 100% of protein added in the refolding reactions. 
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Figure 6. A folding intermediate of mtHsp70 
interacts with Hepl. (A and B) Unfolded 
mtHsp70 was diluted into the buffer con- 
taining Hepl in twofold molar excess over 
mtHsp70 in the presence or absence of ATP, 
as indicated (A and B), or in a twofold molar 
excess of Mgel (B). Samples were incubated 
at 30°C for 20 min and then treated with or 
without the cross-linking reagent (glutaralde- 
hyde). Samples were analyzed by SDS-PAGE 
and Coomassie staining. Aliquots of the sam- 
ples (I5%| were analyzed by SDS-PAGE and 
immunodecoration with antibodies against 
Hepl, mtHsp70 (A and B), and Mgel (B). 
(C) Unfolded mtHsp70 was incubated with 
a twofold molar excess of Hepl for 10 min 
at 30°C (no chase). Samples were further 
incubated for 10 min in the absence (— ) or 
presence of nucleotides, when indicated. All 
samples were treated with glutaraldehyde and 
analyzed as described in A. 



absence of ATP. In the presence of ATP, a large fraction of the 
intermediate was converted to fully folded mtHsp70, which was 
detected as a sharp band on the Coomassie blue-stained gel and 
in the immunodecoration with mtHsp70 (Fig. 6 A, lane 19). The 
weak and diffuse signal of mtHsp70 in the lanes lacking either 
Hepl or ATP probably reflects the unfolded or partly folded 
nature of the protein, which allowed extensive modification and 
intramolecular cross-linking of the protein. In contrast to Hepl, 
the nucleotide exchange factor Mgel did not form a cross- 
linked adduct with refolding mtHsp70 (Fig. 6 B, lanes 5 and 9). 
Apparently, not every interaction partner of the ATPase domain 
of native mtHsp70 has the ability to interact with refolding 
mtHsp70. This lack of interaction between Mgel and refolding 
mtHsp70 is consistent with the observation that Mgel cannot 
replace Hepl in the folding of mtHsp70 (Fig. 5 G). In conclu- 
sion, binding of Hepl to a folding intermediate of mfHsp70 is a 
crucial step of the de novo folding pathway of mtHsp70 that 
precedes the nucleotide-dependent step. 

We further analyzed the effect of nucleotides on the 
formation of the cross-linked adduct. Addition of ATP or ADP 
after formation of the mtHsp70-Hepl complex led to release 
and addition of ATP-yS to partial release of mfHsp70 from Hepl, 
whereas almost no mtHsp70 dissociated from Hepl upon addi- 
tion of AMP-PNP (Fig. 6 C). These observations are consistent 
with the results obtained for the folding of mtHsp70 in the pres- 
ence of various nucleotides (Fig. 5 D). 

In summary, our results confirm a transient interaction of 
Hepl with mtHsp70 during de novo folding of mtHsp70. Binding 
of nucleotide triggers release of Hepl and further folding of the 
intermediate to native mtHsp70. Thus, Hepl fulfils a crucial 
chaperone function in the de novo folding pathway of mfHsp70. 

Discussion 

In this study, we report the first example that an Hsp70 chaper- 
one requires a specialized chaperone for a specific step in its 



biogenesis, the attainment of its native structure. In intact cells 
and in isolated mitochondria, mtHsp70 folds rapidly de novo 
upon import into mitochondria. Under both conditions, folding 
of the ATPase domain of mtHsp70 is impaired in the absence of 
Hepl but not folding of its PBD. In addition, isolated mtHsp70 
that was unfolded by high concentrations of urea folds effi- 
ciently into its catalytically active form in the presence of Hepl 
and adenine nucleotides. So far, it had been widely assumed 
that chaperones fold either spontaneously or with the help of the 
general chaperone machineries resembling the folding of other 
proteins. The folding and assembly of the mitochondrial Hsp60 
chaperonin, for example, depend on assembled Hsp60 com- 
plexes (Cheng et al., 1990). However, as we show here, folding 
of mtHsp70 depends on Hepl and cannot be mediated by the 
general chaperone systems. 

Our results allow us to suggest a hypothetical model for 
the de novo folding of mtHsp70 (Fig. 7). The ATPase domain 
and the PBD start folding independently of each other. The PBD 
folds without the help of any additional factor. The ATPase 
domain forms together with the interdomain linker a folding 
unit in the context of mtHsp70. Both domains probably fold in 
parallel rather than sequentially. In the model, the PBD, none- 
theless, is illustrated in a folded state because it folds on its 
own. The ATPase domain needs the chaperone Hepl and ade- 
nine nucleotides, as well as the interdomain linker, to acquire its 
native structure. The formation of an early folding intermediate 
plays a central role in the folding of the ATPase domain plus 
linker. Hepl recognizes this intermediate and binds to it. The 
folding intermediate of the ATPase domain in complex with 
Hepl has the ability to form a nucleotide-binding site and, 
therefore, to bind ATP or ADP. Binding of the nucleotide then 
triggers the release of Hepl and folding of the ATPase domain 
into a compact trypsin-resistant conformation. Folded ATPase 
domain and PBD cooperate together to form the native and cat- 
alytically active conformer of full-length mtHsp70. The model 
presented integrates previous findings that the nucleotide-free 
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Figure 7. Model of the folding of mtHsp70. 

The ATPase domain together with the interdo- 
main linker and the PBD fold as individual units 
in the de novo folding pathway of mtHsp70. 
The PBD folds on its own; the ATPase domain 
does not. The ATPase domain in the context of 
the linker adopts a folding intermediate that 
is recognized by Hepl. Binding of Hepl in- 
duces conformational changes that allow bind- 
ing of adenine nucleotides (ATP/ADP). Hepl 
is released. The folded ATPase domain and 
the PBD together form the native and catalyti- 
cally active mtHsp70. Because the PBD folds 
independently of any factor, it is presented in 
a folded state in all folding intermediates, al- 
though PBD and ATPase domain probably fold 
in parallel. The model also depicts the transi- 
tion of native mtHsp70 in its nucleotide-free 
state into an aggregation-prone conformer. 
Hepl binds to the conformer, preventing ag- 
gregation and allowing mtHsp70 to regain its 
native structure. 
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form of folded mtHsp70 has the propensity to adopt an aggre- 
gation-prone conformation (Sichting et al., 2005). By binding 
to the aggregation-prone conformer, Hepl prevents aggregation 
of mtHsp70 and allows for the recovery of native mtHsp70. 
Interestingly, as observed for de novo folding, it is also the 
ATPase domain that requires the help of Hepl (Zhai et al., 
2008; Blamowska et al., 2010). Moreover, in both processes, 
the ATPase domain in combination with the interdomain linker 
is necessary for the interaction with Hepl (Zhai et al., 2008; 
Blamowska et al., 2010). However, the exact nature of these 
interactions still has to be elucidated. 

The model implies that the folding pathway of mtHsp70 
starts from completely unfolded mtHsp70. In the cell, newly 
synthesized mtHsp70 is imported into mitochondria as an 
unfolded precursor protein with an N-terminal presequence. Its 
import is driven by binding of native mtHsp70. In the matrix, 
newly imported mtHsp70 is released from native mtHsp70 and 
its presequence is cleaved off. It is unclear whether these two 
processes have been completed before the polypeptide chain of 
mtHsp70 starts folding. However, because all results obtained 
for the de novo folding in vivo and in organello are consistent 
with the results obtained in the reconstituted system, we con- 
clude that the folding of imported mtHsp70 in mitochondria is 
reflected by the folding of urea-denatured mtHsp70 in vitro. 

Based on the comparative analysis of protein sequences, 
homologues of Hepl are found in mitochondria and chloroplasts 
throughout the eukaryotic kingdom. This raises the question of 
how Hsp70 chaperones present in other subcellular compart- 
ments fold into their native structure. These other Hsp70 chaper- 
ones might use functional homologues of Hepl, yet to be 
identified, that have no sequence homology with Hepl. Alterna- 
tively, they might not need an escort protein for their biogenesis 
because they have structural properties different from those of 
Hep-dependent Hsp70 chaperones. A Hep-specific folding path- 
way might have evolved with mitochondrial and chloroplast 
Hsp70s to assure that these chaperones do not fold in the cytosol 
and thus stay import competent. In contrast, the Hep-dependent 
Hsp70 chaperones might need a highly flexible and dynamic 
structure to interact with various partner proteins and to fulfill 



various functions in parallel such as protein folding and mito- 
chondrial protein import. Such dynamic structure might come 
along with a particularly complex and delicate folding pathway 
requiring Hepl as folding helper. The closest homologue of 
mtHsp70, bacterial DnaK, was observed to be present in a solu- 
ble form when targeted to the mitochondrial matrix of Ahepl 
cells (Blamowska et al., 2010). This suggests that not all Hsp70 
chaperones form aggregates in the absence of Hepl after post- 
translational import into mitochondria. DnaK has been reported 
to form oligomers in vitro and in intact cells (Schonfeld et al., 
1995; Thompson et al., 2012). The process of oligomerization is 
reversible because ATP, excess of peptide substrates, and the 
cochaperones GrpE and the J domain of DnaJ support monom- 
erization of DnaK (Schonfeld et al., 1995; Thompson et al., 
2012). Most likely, the PBD mediates oligomerization of DnaK 
and cytosolic Hsp70 proteins (Benaroudj et al., 1996; Thompson 
et al., 2012). Thus, oligomerization of DnaK appears to differ 
from aggregation of mtHsp70. The ATPase domain of DnaK 
might be more compact and less susceptible to aggregation than 
that of mtHsp70. Therefore, DnaK might also need no help in its 
de novo folding by a Hepl -like protein. Indeed, purified unfolded 
DnaK can be refolded without any additional component (Clerico 
et al., 2010). Moreover, the unfolding of recombinant DnaK has 
been shown to be reversible (Palleros et al., 1992; Montgomery 
et al., 1993, 1999). Yet it remains to be analyzed whether the 
efficiency of DnaK folding is increased by proteinaceous factors 
and whether DnaK requires folding helpers in vivo. 

The experiments presented here unambiguously demon- 
strate that Hepl plays an important role in the biogenesis of 
mtHsp70. In vitro, no other chaperone than Hepl is needed to 
refold denatured mtHsp70 in the presence of nucleotides. More- 
over, other interaction partners of mtHsp70, the nucleotide 
exchange factor Mge 1 , as well as the J cochaperone Mdj 1 , were 
found not to be able to mediate the refolding of mtHsp70. There- 
fore, acting as a chaperone in the folding of mfHsp70 is a primary 
function of Hepl and not only an effect of its interaction with 
mtHsp70. This is consistent with the observations that mito- 
chondrial and chloroplast Hsp70s were only present in a soluble 
active form in E. coli, when they were coexpressed with their 
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cognate Hepl proteins (Sichting et al., 2005; Momose et al., 
2007; Willmund et al., 2008; Zhai et al., 2008). Our results sub- 
stantiate the suggestion that HEP2 may allow folding and 
activation of chloroplast Hsp70B after removal of the transit 
peptide from Hsp70B (Willmund et al., 2008). Hepl has also been 
reported to prevent aggregation of native mtHsp70 chaperones 
(Sanjuan Szklarz et al., 2005; Sichting et al., 2005). Thus, Hepl 
acts in protein folding as well as in prevention of protein aggre- 
gation, a property typical for many chaperones. 

Hepl is crucial for cell viability at higher temperatures 
(Sanjuan Szklarz et al., 2005; Sichting et al., 2005). Because 
Hepl is required for folding of mtHsp70 also at lower tempera- 
tures in vitro (Fig. S3), other factors might help to fold mfHsp70 
at lower temperatures in the absence of Hepl in vivo. However, 
they probably do so less efficiently than Hepl and are, there- 
fore, not sufficient at higher temperatures. Potential candidates 
are the other mitochondrial chaperone systems and/or cochap- 
erones that interact with mtHsp70. The nucleotide exchange 
factor Mgel, by binding to native mtHsp70, might shift the 
equilibrium of the partially unfolded to the native conformation 
of mtHsp70. However, our in vitro data show that Mge 1 alone 
is not sufficient to promote de novo folding of mtHsp70, although 
Mgel, similar to Hepl, was reported to increase the solubility 
of mtHsp70 upon coexpression in E. coli (Momose et al., 2007). 
At present, it cannot be excluded that low amounts of mtHsp70 
might fold in vivo without the help of any proteinaceous com- 
ponent or that because of effects such as molecular crowding, 
more factors are needed in vivo than in vitro. 

In summary, our results indicate that Hepl interacts with 
a folding intermediate of mtHsp70, thereby promoting the de 
novo folding of mtHsp70. Hepl is the first chaperone known 
that selectively mediates the de novo folding of another chaper- 
one. It will be interesting to find out whether the action of spe- 
cialized chaperones is also important for the biogenesis of other 
chaperones in the cell. 

Materials and methods 

Plasmids 

To express radiolabeled mtHsp70 precursor in vitro, the nucleotide se- 
quence encoding full-length mtHsp70 (amino acid residues 1-654) was 
cloned into the pGEM4 vector. To generate radiolabeled DHFR fusion pro- 
teins, nucleotide fragments encoding PBD (residues 416-654), ATPase 
(residues 1-410), ATPaseLinker (residues 1-415), and ATPaseA4 (residues 
1-41 1 plus four alanine residues) were cloned into the pGEM4 vector con- 
taining the fragment encoding a spacer of 80 residues of yeast cytochrome 
b 2 (residues 87-167) and mouse DHFR. In the case of PBD-DHFR, the frag- 
ment encoding the presequence of subunit 9 of the yeast Fi Fo ATPase was 
cloned in front of the PBD sequence. The mtHsp70A4 mutant, in which resi- 
dues 412-415 were exchanged to alanine residues, was generated by 
overlap extension. 

Strains and cell growth 

A haploid HEP/ deletion strain [Ahepl] was generated in the FY16-79a 
background obtained from EUROSCARF (accession no. 10000R) by 
exchanging the ORF of HEP1 gene by the KanMX cassette (Wach et al., 
1994). The HEP1 deletion strain and the corresponding wild-type strain 
were grown on lactate medium at 24°C. The temperature-sensitive mif4 
strain (Cheng et al., 1989), the A hsp78 strain (Schmitt et al., 1995), and 
the Amdjl strain (Rowley et al., 1994) and their corresponding wild-type 
strains were grown in YPG or YPGal medium at 24°C. The cultures of the 
mif4 strain and of the corresponding wild type were shifted to the nonper- 
missive temperature of 37°C for 2 h before isolation of mitochondria. 



Protein expression and purification 

Mature forms of mtHsp70 (residues 24-654) and ATPaseLinker (residues 
24-415) were expressed from the plasmids pETDuet-his 6 Hep-mtHsp70 
(Sichting et al., 2005) and pETDuet-his6Hep-ATPaseLinker (Blamowska 
etal., 2010), respectively, in cells of the BL21(DE3) AdnaK::52 strain (Mapa 
et al., 201 0). Proteins were purified by affinity chromatography using a 
His 6 -Mgel -NiNTA affinity column as described before (Weiss et al., 2002). 
The His6-Mgel -NiNTA affinity column was prepared by binding of his-tagged 
Mgel to a NiNTA agarose column. In brief, the bacterial cells expressing 
the mtHsp70 variants were resuspended in buffer A (20 mM Hepes-KOH, 
pH 7.4, 250 mM KCI, 20 mM imidazole, 2 mM |3-mercaptoethanol, 10% 
glycerol [vol/vol], and 1 mM PMSF). 1 mg/ml lysozyme was added, and 
the suspension was incubated for 45 min at 4°C. Then cells were disrupted 
by sonication on ice (Branson Sonifier, 1 0 times for 1 2 s, 80% duty cycle) . 
After a clarifying spin (27,200 g, 1 5 min, 4°C), the supernatant was loaded 
twice onto the His6-Mgel -NiNTA affinity column. The column was washed 
with 20 column volumes of buffer A, and bound proteins were eluted with 
elution buffer (20 mM Hepes-KOH, pH 7.4, 250 mM KCI, 2 mM fj-mercapto- 
ethanol, 10% glycerol [vol/vol], 1 mM PMSF, 10 mM MgCI 2 , and 5 mM 
ATP). The buffer was exchanged, and the protein obtained was kept at 
-80°C in storage buffer (20 mM Hepes-KOH, pH 7.4, 100 mM KCI, 5 mM 
MgCI 2 , and 5% glycerol [vol/vol]). The PBD (residues 410-654) was 
expressed in the BL21(DE3) AdnaK::52 strain from pETDuet-his 6 PBD as 
N-terminally his-tagged protein (Blamowska et al., 2010). The mature 
forms of Mgel (residues 44-228) and Hepl (residues 74-205) were 
expressed as N-terminally his-tagged proteins and purified on a NiNTA 
agarose column as described before (Horst et al., 1997; Sichting et al., 
2005). In brief, cell lysate was prepared as described for the lysate of the 
cells expressing the mtHsp70 variants. Then the cell lysate was loaded onto 
a NiNTA agarose column. The column was washed with 20 column vol- 
umes of buffer A, and bound protein was then eluted with buffer A contain- 
ing 300 mM imidazole. The proteins were stored at — 80°C in storage 
buffer (20 mM Hepes-KOH, pH 7.4, 100 mM KCI, 5 mM MgCI 2 , and 5% 
glycerol [vol/vol]). 

In organello folding assay 

Radiolabeled precursor proteins were synthesized in vitro in a reticulocyte 
lysate system and imported into isolated mitochondria essentially as de- 
scribed before (Mokranjac etal., 2003). In brief, import was performed at 
25°C in standard import buffer containing 1 mg/ml BSA, 5 mM NADH, 
2.5 mM ATP, lOmM creatine phosphate, and 100 ug/ml creatine kinase 
with the addition of 1-3% (vol/vol) of the lysate. After the indicated time 
periods, import was stopped by the addition of 2 pM valinomycin, and 
nonimported material was digested with 50 ug/ml trypsin at 4°C. Trypsin 
digestion was stopped with 20-fold excess of soybean trypsin inhibitor, 
and mitochondria were reisolated, washed, and solubilized with 1 % Triton 
X-l 00 in 20 mM Tris-HCI, pH 7.5, and 80 mM KCI. Samples were halved, 
and one half was mock treated and the other half was treated with 50 ug/ ml 
trypsin to analyze the folding state of the imported protein. After 10 min, 
proteolysis was stopped by TCA precipitation, and samples were analyzed 
by SDS-PAGE and autoradiography or dissolved in SDS-containing buffer 
(1% SDS [m/v] and 100 mM Tris, pH 7.4). The SDS-dissolved fraction 
was incubated for 5 min at 95°C, diluted 30-fold in immunoprecipitation 
buffer (20 mM Tris-HCI, pH 7.4, 300 mM NaCI, 0.2% [vol/vol] Triton X-l 00, 
0.5 mM PMSF, and protease inhibitor mix [Roche]), and, after a clarifying 
spin, subjected to immunoprecipitation. The samples were incubated with 
the indicated antibodies prebound to protein A-Sepharose beads for 2 h 
at 4°C. Then beads were washed four times with immunoprecipitation 
buffer, and bound proteins were eluted with Laemmli buffer and analyzed 
by SDS-PAGE and autoradiography. 

In vivo labeling 

Yeast cells were grown in lactate medium to early logarithmic phase, har- 
vested, resuspended in selective medium containing 2% (vol/vol) lactate, 
and grown further in the presence of [ 35 S]methionine for 10 min at 25°C. 
100 ug/ml cycloheximide and 10 mM cold methionine were added, 
and cells were harvested, resuspended in SH-KCI buffer (0.6 M sorbitol, 
20 mM Hepes, pH 7.4, and 80 mM KCI) in the presence of 1 mM 
PMSF, and disrupted by shaking with glass beads at 4°C. Crude mito- 
chondria were isolated by differential centrifugation and solubilized with 
1% (vol/vol) Triton X-l 00 in 20 mM Tris-HCI, pH 7.5, and 80 mM KCI. 
Samples were halved; one half was mock treated, and the other half 
was digested with 2.5 ug/ml trypsin. Digestion was stopped by TCA 
precipitation, and samples were subjected to immunoprecipitation with 
antibodies directed against mtHsp70 and analyzed by SDS-PAGE, autora- 
diography, and quantification. 
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In vitro refolding assay 

Recombinant proteins were precipitated with ammonium sulfate and resus- 
pended in 8 M urea and 20 mM Tris-HCI, pH 7.4, to denature them. Sam- 
ples were diluted 20-fold to a protein concentration of 0.3 mg/ml in 
refolding buffer (20 mM Hepes-KOH, pH 7.4, 100 mM KCI, 5 mM MgCI 2 , 
and 5% [vol/vol] glycerol) with the addition of 0.1 mg/ml cytochrome c. 
When indicated, Hepl in an equimolar ratio to the unfolded protein (unless 
stated otherwise) or Mgel in fourfold molar excess over unfolded protein 
and/or 2.5 mM of the indicated nucleotide was added. Samples were 
incubated at 25°C to allow protein refolding. Aliquots containing 6 pg of 
the refolding protein were withdrawn, diluted in one volume of ice-cold 
refolding buffer, and placed on ice, and 5 (Jg/ml trypsin was added. 
After 15 min at 4°C, trypsin was stopped by soybean trypsin inhibitor. 
After centrifugation for 1 0 min at 39,000 g, supernatants were analyzed 
by SDS-PAGE and Coomassie staining. 

Cross-linking 

3 pM of unfolded mtHsp70 was incubated for 20 min at 30°C in 50 mM 
Hepes-KOH, pH 7.4, 200 mM NaCI, 100 mM KCI, and 5 mM MgCI 2 . 
Where indicated, 6 pM Hepl, 6 pM Mgel, and/or 2.5 mM of the indi- 
cated nucleotide was added. Glutaraldehyde was added to a final concen- 
tration of 1 mM, and samples were further incubated for 30 min at 30°C. 
The cross-linking reaction was stopped by the addition of Laemmli buffer 
containing 200 mM glycin. Samples were analyzed by SDS-PAGE and Coo- 
massie staining and co-immunodecoration with the indicated antibodies. 

ATPase activity assay 

To measure ATPase activity, a coupled ATP-regenerating enzyme system 
was used essentially as described previously (Norby, 1 988) . 4.3 uM mtHsp70 
was incubated for 20 min at 25°C in refolding buffer with 8.3 mM ATP and 
0.3 mg/ ml BSA and, when indicated, 8.6 pM Hepl . Samples were diluted 
4.3-fold in refolding buffer containing 0.12 mM NADH, 3 mM phospho- 
enolpyruvate, 10 U lactate dehydrogenase, 15 U pyruvate kinase, 2 pM 
Mgel , and 2 pM DnaJ, and the change of absorbance at 360 nm at 25°C 
was monitored in time by spectrophotometry (JASCO). 

Miscellaneous 

Quantification was performed by densitometry using ImageMaster 1 D Elite 
Software version 4.00 (GE Healthcare). On the gel images, nonrelevant 
gel lanes were excised digitally, as indicated by the white spacers. All the 
experiments presented were repeated at least three times. 

Online supplemental material 

Fig. SI shows the analysis of an interdomain linker mutant demonstrating 
that the interdomain linker is needed for folding of the ATPase domain 
of mtHsp70. Fig. S2 confirms that the trypsin-resistant stable fragment of 
imported mtHsp70 corresponds to the PBD of mtHsp70. Fig. S3 shows 
that the folding of mtHsp70 in vitro at lower temperature is dependent 
on Hepl. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.20 1 20501 2/DC 1 . 
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